The mRNA for the epithelial Na + channel γ subunit (γENaC) is regulated developmentally in the lung, colon and distal nephron and in response to Na + deprivation and systemic corticosteroids in the distal colon. Because such regulation is likely to be at the level of gene transcription, we examined the function of the promoter and other 5h flanking elements of the human γENaC gene. The proximal 5h flanking region contains two GC boxes but does not contain a TATA box. A 450 bp human γENaC fragment (k459 to j40) directed the expression of luciferase in H441 cells and primer extension analysis in transfected cells confirmed the correct initiation of human γENaC-luciferase chimaeric transcripts. By deletional analysis, GC boxes at k21 and k52 were found to be critical for this promoter activity. To begin to identify transcription factors that bind to the core promoter, a double-stranded oligonucleotide that corresponded to this region was synthesized and tested in a gel mobility-shift assay. Incubation of this radiolabelled oligonucleotide with nuclear extracts from H441 and FRTL5 cells resulted in the formation of
INTRODUCTION
Na + reabsorption in the terminal nephron occurs via epithelial Na + channels (ENaCs), which provide the final regulatory step in Na + homoeostasis and the control of extracellular fluid volume. These channels are a major rate-limiting step for Na + and fluid absorption in several other epithelia such as the distal colon, the airway epithelia and sweat ducts. The ENaC complex is composed of at least three distinct subunits, α, β and γ [1, 2] . Rat and human cDNA species encoding these subunits have been cloned and the contributions of individual subunits to channel function have been studied by expression in Xenopus oocytes. Although αENaC expressed alone has a small but measurable Na + current, β and γ subunits do not elicit any current when expressed singly. However, when all three subunits are co-expressed a 100-fold potentiation of current is seen [3] [4] [5] . These results imply that regulation of expression of individual subunits might be an important factor regulating the magnitude of Na + transport in i o.
Members of the ENaC complex are also expressed in sites that do not normally participate in Na + reabsorption, such as the liver, placenta and urothelium [5] [6] [7] . Although their role in Abbreviations used : ADR1, alcohol dehydrogenase gene regulator 1 ; AP-2, activator protein 2 ; ENaC, epithelial Na + channel ; PPy, polypurinepolypyrimidine ; STRE, stress response element ; SV40, simian virus 40. 1 Present address : Department of Cellular and Molecular Biology, University of Texas, Austin, TX 78712, U.S.A. 2 To whom correspondence should be sent, at the following address : Division of Nephrology, E300GH, Department of Internal Medicine, University of Iowa College of Medicine, 200 Hawkins Drive, Iowa City, IA 52242-1081, U.S.A. (e-mail christie-thomas!uiowa.edu). The nucleotide sequence data reported will appear in DDBJ, EMBL, GenBank4 and GSDB Nucleotide Sequence Databases under the accession number U48937.
four specific and distinct DNA-protein complexes. On the basis of antibody ' supershift ' assays, one of these factors corresponds to Sp1, whereas the other three correspond to Sp3. Further upstream, an approx. 300 nt (k1143 to k839) polypurinepolypyrimidine tract (PPy tract) containing internal mirror repeats was identified. When contained in a supercoiled plasmid, the approx. 1200 nt 5h flanking region was sensitive to S1 endonuclease, which was consistent with the formation of an intramolecular triplex DNA (' H-DNA ') structure with an unpaired single strand. High-resolution mapping with S1 endonuclease and sequencing of S1-generated clones confirmed that all S1-sensitive sites were within the PPy tract. Finally, a negative regulatory element was identified between k1525 and k1296 that functioned in lung, colon and collecting duct cell lines.
Key words : ENaC, gene transcription, gel-mobility-shift assay, H-DNA, S1-nuclease-sensitivity. these sites is unknown, the expression of some but not all components of the ENaC complex in certain tissues suggests that these subunits might also serve other functions. Homologues of these proteins, such as ASIC (acid-sensing ion channel) and DRASIC (dorsal root acid-sensing ion channel) serve as pH sensors in the vertebrate central nervous system ; the degenerins, MEC-4 and MEC-10 as mechanosensors in Caenorhabditis elegans and RPK (ripped pocket) and PPK (pickpocket) may serve a similar function in Drosophila [8] [9] [10] [11] [12] . The identification of the γ subunit of ENaC in nodose ganglia of mammalian baroreceptors raises the intriguing possibility that ENaC members might also function as mechanosensors [13] .
Little is known about the factors that regulate tissuespecific expression of the ENaC subunits and those that regulate its expression in response to physiological stimuli. However, there is some evidence that transcriptional control of gene expression might be the basis for regulation by some hormones. For example, arginine vasopressin increases γENaC expression and Na + transport in a rat collecting duct cell line, a process that can be inhibited by actinomycin D [14] . Transcription of αENaC is down-regulated by the protein-kinase-C\ERK (extracellular signal-regulated protein kinase) pathways in parotid cells [15] .
Glucocorticoids increase αENaC expression in cortical collecting duct and in airway and parotid epithelial cells via an increase in transcription of the αENaC gene [16, 17] . However, in the distal colon the corticosteroid-mediated increase in Na + transport is accompanied by the increased expression of the mRNA for βENaC and γENaC, but not for αENaC [4, [18] [19] [20] . These studies indicate that distinct transcription factors regulate the basal and hormone-stimulated expression of each ENaC subunit, in a cellspecific manner.
We have previously characterized the gene structure for the human and rat γENaC subunits [21, 22] . Here we determine transcriptional regulatory regions of the human γENaC promoter and characterize transcription factors that regulate basal expression. In addition, we identify an S1 nuclease-sensitive polypurine-polypyrimidine (PPy) tract in the 5h flanking region of human γENaC that could adopt a triplex DNA (' H-DNA ') structure in i o and affect chromatin organization at this locus.
Part of this work has been published in abstract form at the American Society of Nephrology meeting and at the Central Society for Clinical Research in 1996 and 1998.
EXPERIMENTAL

Mapping and sequencing of the 5h flanking region of human γENaC
Screening and isolation of cosmid clones from a human genomic library has been described previously [21] . Clones that included intron 1 and the 5h flanking region were directly sequenced by using dye-terminator-cycle sequencing chemistry with Amplitaq DNA polymerase and FS enzyme and analysed on a 373A Stretch Fluorescent Automated Sequencer (Applied Biosystems, Foster City, CA, U.S.A.). Primary DNA sequence analysis was performed with MacDNASIS (Hitachi, San Bruno, CA, U.S.A.). Transcription-factor-binding sites were also analysed with the TFSEARCH program (at http :\\pdap1.trc.rwcp.or.jp\ research\db\TFSEARCH.html) and the sequence was screened for interspersed repeats using the CENSOR program (at http :\\ www.girinst.org\Censor-Server.html).
To map cosmid clones, these were digested first with NotI to release the insert from pSupercos-1 and then with various restriction enzymes. Fragments were resolved by PAGE and transferred to nylon membranes (Zetaprobe GT ; Bio-Rad, Hercules, CA, U.S.A.). An oligonucleotide primer, 4g (5h-GCT-GCTCCTCTGCTCGCTCTCG-3h), corresponding to exon 1 was end-labelled with [γ-$#P]ATP and T4 polynucleotide kinase and hybridized overnight with nylon membranes in a hybridization solution that contained 5istandard sodium citrate (SSC ; 1iSSC is 0.15 M NaCl\0.015 M sodium citrate), 20 mM NaPO % , pH 7.2, 7 % (w\v) SDS, 1iDenhardt's solution (0.02 % Ficoll 400\0.02 % polyvinylpyrrolidone\0.002 % BSA) and 100 µg\ml denatured herring sperm DNA at 50 mC. The membranes were washed at 50 mC with a solution that contained 3iSSC, 1iDenhardt's solution, 5 % (w\v) SDS and 20 mM sodium phosphate, pH 7.2, and subjected to autoradiography.
Promoter-reporter constructs
Varying lengths of the 5h flanking region were amplified by PCR from human genomic DNA, cloned into pCRII or pCR2.1 (Invitrogen, Carlsbad, CA, U.S.A.) and then directionally subcloned into pGL3basic upstream of the luciferase-encoding region. All constructs were verified by sequencing and included 40 nt of the 5h untranslated region of human γENaC. Deletional mutants of some constructs were made by using convenient restriction enzyme sites within genomic fragments. The k121 to j40 sequence was also cloned into pGL3enhancer, which contains a simian virus 40 (SV40) enhancer sequence downstream of the luciferase-encoding region but lacks a promoter sequence to drive transcription.
Cell culture and transfections
H441, HT29 and FRTL5 cells, obtained from American Type Culture Collection (A.T.C.C., Manassas, VA, U.S.A.), and M-1 cells (a gift from Geza Fejes-Toth) were cultured as described previously [16, 22, 23] . Initially, H441 cells grown in 12 wells were transfected with 1 µg of luciferase construct and 4 µg of pSV-β-gal (Promega, Madison, WI, U.S.A.) complexed with Lipofectin4 (Life Technologies, Gaithersburg, MD, U.S.A.). At 48 h after transfection, cytoplasmic lysates were made and luciferase activity was determined with a luciferase assay kit (Promega) in a Beckman liquid-scintillation counter ; β-galactosidase activity was determined with a standard assay kit (Promega) in a Biokinetics EL312e ELISA plate reader [22] . Subsequent H441 transfections were done with 1 µg each of luciferase and β-galactosidase plasmids and reporter gene activities were determined in a Monolight 2010 luminometer. M-1 cells were transfected with Lipofectamine Plus4 (Life Technologies) with pSV-β-gal as the control plasmid ; luciferase and β-galactosidase activities were measured as described for H441 cells. HT29 cells were transfected with Lipofectamine Plus4 by using pRL-SV40 (Promega) as the control plasmid, and firefly and sea pansy luciferase activity were measured sequentially with the Dual Luciferase Reporter Assay kit (Promega) [16] .
Primer extension analysis
Total RNA was extracted from H441 cells transfected with the k121j40\pGL3enhancer construct. An oligonucleotide primer, GL2 (5h-CTTTATGTTTTTGGCGTCTTC-3h), complementary to a portion of the luciferase-encoding region was end-labelled and gel-purified. Primer extension analysis was performed with yeast tRNA or H441 RNA as described [21] and then subjected to PAGE alongside a labelled 1 kb ladder.
Preparation of nuclear extracts and gel mobility-shift assay
H441 and FRTL5 cells were grown until nearly confluent, scraped up into PBS with a rubber ' policeman ' and washed twice with PBS. Nuclear extracts were made as described, with some modifications [24] . In brief, the cell pellet was resuspended in 10 mM Hepes (pH 8)\1.5 mM MgCl # \10 mM KCl\1 mM dithiothreitol for 15 min on ice and then sheared through a 25-gauge needle. The cell pellet recovered by centrifugation was resuspended in 20 mM Hepes (pH 8)\1.5 mM MgCl # \420 mM NaCl\0.2 mM EDTA\1 mM dithiothreitol\25 % (v\v) glycerol\ 0.5 mM PMSF for 30 min on ice. After another centrifugation, the supernatant was mixed with 2 vol. of a solution that contained 20 mM Hepes, pH 8, 100 mM KCl, 0.2 mM EDTA, 1 mM dithiothreitol, 20 % (v\v) glycerol and 0.5 mM PMSF and stored in aliquots at k70 mC.
Single-stranded oligonucleotides that corresponded to the proximal GC box and overlapping putative activator protein 2 (AP-2) site were synthesized, and then annealed together by heat denaturation and slow cooling :
GC : ctaGGGGGCGGGGCCTGGCCGGCCG
CCCCGCCCCGGACCGGCCGGCctag
Internally truncated (GC-int) and 3h-end-truncated (GC-end) versions of the GC sequence and a non-specific (NS) doublestranded oligonucleotide were also synthesized :
ctaGGGGGCCTGGCCGGCC
CCCCGGACCGGCCGGctag
GC-end : ctaGGGGGCGGGGCCTGGC
CCCCGCCCCGGACCGctag
NS : gatcCACTAGTGTGTCCACAGTGTCCTGCCTAG GTGATCACACAGGTGTCACAGGACGGATCctag
Double-stranded oligonucleotides were end-labelled with [γ-$#P]ATP and incubated with or without H441 or FRTL5 nuclear extracts in a reaction mixture that contained 20 mM Hepes, pH 7.9, 60 mM KCl, 5 mM MgCl # , 2 mM dithiothreitol, 10 ng\µl poly(dI-dC), 5 µg\µl BSA and 10 % (v\v) glycerol. A 50-fold excess of non-radioactive oligonucleotides was used for competition experiments. For supershift assays, H441 nuclear extracts were preincubated with 1 µl of anti-Sp1 antibody (Promega) or 1 µl of anti-Sp3 antibody (Santa Cruz Biotechnology, Santa Cruz, CA, U.S.A.) and then added to labelled probe. Samples were analysed on a non-denaturing polyacrylamide gel in 0.5iTris\borate\EDTA buffer run at 150 V ; the gel was dried and subjected to autoradiography.
Low-resolution S1 nuclease mapping
Supercoiled plasmid DNA containing k1248 bp of 5h flanking human γENaC sequence was digested first with 40 units\µg S1 nuclease (Ambion, Austin, TX, U.S.A.) for 15 min at 37 mC and then with 4 units\µg restriction enzyme for 60 min at 37 mC. In some cases, S1 nuclease digestion followed restriction enzyme digestion. To repair single-stranded overhangs, S1 nucleasedigested samples were treated with the Klenow fragment of Escherichia coli DNA polymerase in the presence of dNTPs. These samples were then recircularized with T4 DNA ligase, transformed into E. coli and several clones sequenced.
High-resolution S1 nuclease mapping
Supercoiled plasmid DNA was digested with S1 nuclease (0.1, 0.25 or 0.5 unit\µg) for 15 min at 37 mC. The samples were extracted with phenol\chloroform (1 : 1, v\v), precipitated with ethanol and then linearized with MluI or EcoRI, distal to the S1 nuclease-sensitive site, to map the anti-sense and sense strands respectively. Primers 14g (5h-CACCGCGCCTGGGCTGTCCT3h) and 17g (5h-TGAGACGCTGAAGTGGGAGG-3h) were endlabelled with [γ-$#P]ATP and annealed to samples digested with MluI and EcoRI respectively. The primers were then extended along the DNA template with Taq DNA polymerase at 72 mC for 10 min in a reaction mixture that included 50 mM KCl, 10 mM Tris\HCl, pH 9.0, 1 % (v\v) Triton X-100, 3-3.5 mM MgCl # and 400 µM dNTPs. Primer 17g was used separately to sequence the supercoiled plasmid DNA by the dideoxy chain-termination method (Sequenase 2.0 ; Stratagene, La Jolla, CA, U.S.A.) to generate a 1 bp ladder. Primer-extended products were run alongside sequenced products on a sequencing gel, to localize the S1 nuclease-sensitive sites accurately.
RESULTS
We have cloned the human γENaC gene and reported the primary sequence of portions of the 5h flanking region [21] . The proximal 5h flanking region does not contain a TATA or a CCAAT box, but contains two GC boxes at k21 and k52. To begin to evaluate transcriptional regulatory regions of the human γENaC gene we have now isolated two additional cosmid clones that contain larger portions of the 5h flanking region. One of these clones, 365G3, includes 4 kb of the 5h flanking region, whereas clone 385E5 includes 20 kb of 5h flanking region and the proximal portion of the first intron ( Figure 1A ). We have determined the primary structure of approx. 3000 bp of 5h flanking sequence and identified several putative transcriptionfactor-binding sites ( Figure 1B) . We also analysed the 5h flanking region for repeat sequences by using the CENSOR program [25] . The 5h flanking region contains four Alu sequences, three of which are nearly full-length ( Figure 1C ), whereas the other contains the free right arm only [26] . We also identified a long PPy tract with regions of perfect mirror symmetry, suggesting that this region might be able to adopt a triplex DNA conformation ( Figure 1C ). This tract contained imperfect tandem tetranucleotide repeats that were consistent with a microsatellite sequence.
We first examined the proximal 5h flanking region for transcriptional regulatory activity by transfection and analysis of expressed luciferase gene activity in the H441 cell line, in which there is regulated expression of human γENaC [22] . A 459 bp construct had significant luciferase activity in H441 cells that was comparable to the transcriptional strength of an SV40 promoter ( Figure 2 ). To delineate the core promoter, progressive 5h deletions in this region were made. A k121 bp construct that includes both GC boxes was almost as active as the k459 bp construct, whereas a k26 bp construct that included the more proximal GC box led to a decrease in activity although it was still significantly greater than that detected with the promoterless plasmid. These findings suggest that the GC boxes are essential for the core promoter activity and that the GC boxes together had a synergistic effect on transcription. To confirm the critical role of these motifs, a 60 nt deletion, selectively removing both GC boxes, was made within the k121 nt construct ; this decreased luciferase activity to background levels ( Figure 2 ).
Because we did not see evidence for an enhancer sequence within the first 459 nt of the 5h flanking region we wondered whether the human γENaC promoter could respond to a heterologous enhancer. To test this possibility, the k121 bp construct was tested with an SV40 enhancer sequence inserted downstream of the luciferase-encoding region. Compared with either the promoter or enhancer activity alone there was synergistic activation of reporter gene activity when both elements were combined in cis ( Figure 3A ). This indicates that human γENaC gene transcription can be up-regulated by positive transcriptional elements.
We next examined whether the measured luciferase activities from transfected γENaC constructs arise from transcripts that initiate correctly from the human γENaC promoter. The transcription start sites of human γENaC-luciferase chimaeric transcripts were determined by primer extension analysis of RNA extracted from H441 cells transfected with the k121j40\SV40 enhancer construct. A radiolabelled anti-sense primer from within the luciferase-encoding region was hybridized to H441 or yeast RNA and extended with reverse transcriptase ; the products were analysed by PAGE. Two discrete bands 120 and 65 nt in length were seen in H441 RNA but not in yeast RNA ( Figure  3B ). The larger product was correlated with the transcription start site in i o for human γENaC mRNA in lung and kidney [21] . The smaller product ended within plasmid ' filler ' DNA and this probably represented the premature termination of reverse transcription, possibly owing to the secondary structure in this region. However, we cannot exclude the possibility that some luciferase constructs were aberrantly initiated. To identify transcription factors that bind at the core promoter, a double-stranded oligonucleotide sequence that corresponded to the proximal GC box and an overlapping putative AP-2 site was synthesized, annealed together and examined by gel mobilityshift assays with nuclear extracts from H441 and FRTL5 cells. The FRTL5 cell line is a rat thyroid epithelial cell line in which the rat γENaC promoter is active [22] . When they are incubated with end-labelled oligonucleotides, several proteins are seen to retard their electrophoretic mobility in both H441 and FRTL5 cells ( Figure 4A ). The binding of four of these proteins, labelled p1 to p4, is specific because it can be competed for by an excess of non-radioactive oligonucleotides but not by a non-specific competitor. When analysed with the TFSEARCH program and the TRANSFAC database [27] , a stress response element (STRE), an alcohol dehydrogenase gene regulator 1 (ADR1)-binding site and a PacC-binding site were also noted within the 24 bp sequence. The Sp1, ADR1 and STRE sites are also conserved in the rat γENaC promoter ( Figure 4B ). To determine the identity of these DNA-binding proteins, we tested the ability of two truncated versions of the GC oligonucleotide to compete for factors p1 to p4 ( Figure 4B ). GC-int, which had an internal 5 nt deletion that disrupts the GC box, did not compete for any of Analysis of human epithelial Na + channel γ-subunit gene promoter 
Figure 4 Gel mobility-shift analysis
(A) A gel mobility-shift assay is shown that used either H441 or FRTL5 nuclear extracts. In comparison with free probe (lanes 1 and 7) , multiple proteins p1 to p4 that retard DNA mobility are seen with increasing nuclear extract. This is competitively displaced by an excess of non-radioactive specific DNA (GC) but not non-specific DNA (NS). A non-specific protein (N) is also seen. (B) Proximal GC boxes in human and rat γENaC promoters are compared and the extent of the GC oligonucleotide used in gel mobility assays is indicated with a dotted line. Below are shown two truncated versions of the GC oligonucleotide. Putative transcription-factor-binding sites are shown for each DNA sequence. (C) Gel mobility-shift assay with competition and with specific antibodies. Labelled oligonucleotides GC (lanes 1-7) or GC-end (lanes [8] [9] [10] [11] [12] [13] [14] were incubated with H441 nuclear extracts (except lanes 1 and 8) in the presence or the absence of an excess of the indicated non-radioactive oligonucleotides. In some cases nuclear extracts were preincubated with either anti-Sp1 or anti-Sp3 antibody.
these factors, whereas GC-end, which had a 3h 5 nt deletion, competed for all transcription factors ( Figure 4C, lanes 4 and 5) . Consistent with the notion that the 3h 5 nt are not required for transcription factor binding was the observation that the labelled GC-end oligonucleotide, when bound to H441 nuclear extracts, was also shifted by transcription factors p1 to p4 ( Figure 4C, lane  9) . Oligonucleotide GC-end is predicted to abolish the binding of AP-2 and PacC, whereas oligonucleotide GC-int should still be able to bind STRE and ADR1 ( Figure 4B ). Taken together, the results indicate that the DNA-protein complexes probably do not contain AP-2, PacC, STRE or ADR1. To determine the identity of the transcription factors that bound oligonucleotide GC, the effects of anti-Sp1, anti-Sp3 and anti-(AP-2) antibodies on these complexes were studied. The protein p1 bound to GC or GC-end could be ' supershifted ' with an anti-Sp1 antibody, confirming its identity as Sp1 ( Figure 4C, lanes 6 and 13) . The binding of proteins p2 to p4 was supershifted or abolished by anti-Sp3, confirming that Sp3 or a closely related transcription factor was contained in each of these three DNA-protein complexes ( Figure 4C, lanes 7 and 14) . None of the bands were altered by anti-(AP-2) antibody (results not shown). These results suggest that Sp1 and Sp3, but not AP-2, are part of the transcription complex that binds at the core promoter.
We next extended our analysis of transcriptional regulatory activity to an additional 2.5 kb of 5h flanking sequence. First we examined the entire region (k2926 to j40) for glucocorticoid responsiveness in H441 cells. Despite the presence of a hexameric sequence corresponding to a glucocorticoid response element half-site, no functional glucocorticoid-responsive sites were seen (results not shown). Deletional analysis demonstrated that a negative regulatory region was present between k2000 and k1259 bp that, when compared with the k1259 bp construct, decreased luciferase expression in H441 cells ( Figure 5A ). To determine whether this response was specific to lung epithelial Analysis of human epithelial Na + channel γ-subunit gene promoter cells we tested these sequences in M-1 cells (a cortical collecting duct cell line) and HT29 cells (a colonic epithelial cell line). In both these cell lines the basal promoter was active, as was the negative regulatory element (Figures 5B and 5C ). An AflII site at k1525 was used to localize the negative regulatory element further. The k1525 construct also showed negative regulatory activity in H441, M-1 and HT29 cells, confirming that the regulatory element included sequences between k1525 and k1296 ( Figure 6 ).
The identification of a PPy tract in the 5h flanking region of human γENaC prompted us to examine whether this region could adopt a triplex DNA structure. Such conformations, called H-DNA, are increasingly being recognized in itro and in i o and are thought to have a role in transcriptional regulation, genomic stability and meiotic recombination [28] [29] [30] . In this form of non-B DNA, one half of the polypurine strand forms a Watson-Crick duplex with its corresponding strand and the second half of the polypurine strand folds back into the major groove of the other half-duplex via Ho$ o$ gsteen base pairing. This leaves the corresponding strand of the second half unpaired and susceptible to digestion by S1 nuclease, a single-strand-specific endonuclease. The PPy strand in the human γENaC 5h flanking sequence has two regions of mirror symmetry ( Figure 1C ) that make it particularly likely to form triplex DNA structures. The more proximal region is a perfect mirror repeat, whereas the distal region has one incongruous base. To test our hypothesis, supercoiled plasmid DNA containing 1248 bp of 5h flanking sequence was digested with S1 nuclease and the nuclease-sensitive sites were mapped by restriction enzyme digestion. Treatment with S1-nuclease-linearized plasmid DNA and subsequent digestion with BglII, P uII and MluI identified three separate S1-nuclease-sensitive sites within the PPy tract ( Figure 7 , left panel, lanes 2-5 and 7). This S1 nuclease sensitivity was seen only with supercoiled plasmid because DNA linearized first with BglII was no longer S1-nuclease-sensitive ( Figure 7, left panel, lanes 1  and 6) .
To identify the linear extent of triplex DNA formation after digestion with S1 nuclease, the plasmid DNA ends were filled in with Klenow fragment, re-circularized and rescued by transformation of bacteria. Direct sequencing of several clones revealed that the deletions varied from 1 to 154 bases ; in 10 of 11 clones the deletions included all or part of the downstream mirror repeat (Figure 7, right panel) . The deleted region in one clone did not include either repeat sequence.
To map the S1 nuclease sensitive sites precisely and to identify the unpaired strand that did not participate in the triplex DNA formation, high-resolution S1 nuclease mapping was performed. Plasmid DNA was first digested with low concentrations of S1 nuclease and then a labelled primer corresponding to each strand was annealed to the S1-digested DNA and extended along this
Figure 7 Mapping and identification of S1-nuclease-sensitive sites
Left panel : low-resolution mapping of S1-nuclease-sensitive sites. Supercoiled plasmid DNA containing 1248 bp of 5h flanking sequence was digested with the indicated enzymes. Supercoiled plasmid DNA is sensitive to S1 nuclease (lane 2) ; the position of the S1-sensitive sites was detected by subsequent restriction digestion (lanes [3] [4] [5] . Linearized plasmid DNA is not sensitive to S1 nuclease (lane 6). Lane M shows a 200 bp ladder. The diagram below shows the approximate positions of S1-nuclease-sensitive sites. No S1-sensitive sites were detected elsewhere in the genomic sequence or within the plasmid backbone. The PPy tract is shown by a hatched segment, and Alu repeats by black boxes. Right panel : detection of the potential extent of S1 nuclease digestion. S1-nucleasedigested plasmids were filled in, ligated and recovered by bacterial transformation ; 11 clones were sequenced. The PPy tract is shown with portions deleted by digestion with S1 nuclease in each clone indicated below the sequence with an x. template with Taq polymerase. Three separate S1-nucleasesensitive sites were noted on each strand (Figure 8) . Two of the sites were complementary residues on opposite strands, whereas a third site was separated on both strands (Figure 8 ). This analysis demonstrated that the S1-nuclease-sensitive sites are not confined to regions of perfect mirror symmetry.
DISCUSSION
ENaC is a hetero-multimeric complex that requires α, β and γ subunits for maximal function. However, there are cell-specific differences in expression and regulation for each subunit that have an impact on channel function in particular tissues and in response to physiological stimuli. The αENaC, βENaC and γENaC subunits are expressed in all aldosterone-responsive epithelia, in the taste buds of the tongue and throughout the airway epithelium. Although the expression of all three subunits is regulated by glucocorticoids in the developing lung, in the colon only the β and γ subunits are stimulated by glucocorticoids or aldosterone [1, 2] . There is convincing evidence that, at least in some tissues, glucocorticoids and phorbol esters transcriptionally regulate αENaC expression [15] [16] [17] . Vasopressin might have a similar effect on γENaC expression in the rat collecting duct [14] .
We have analysed transcriptional regulatory regions in the human γENaC 5h flanking region and identified a core promoter within the proximal 120 bp of this region. We have also determined that as little as 26 nt of the promoter, a fragment containing one of two GC boxes, is sufficient to drive transcription of a reporter gene. Deletion of 70 bp of the core promoter that contains both GC boxes decreases reporter gene activity to background levels, providing strong evidence that the GC boxes are required for basal activity. The proximal rat γENaC 5h flanking region has significant similarity to the human sequence, including conservation of these GC boxes [22] . As in the human promoter, this sequence was transcriptionally active and stimulated by a heterologous enhancer. We have also identified a negative regulatory element to a region between k1525 and k1289. This sequence was also tested in M-1 and HT29 cells, cell lines derived from mouse cortical collecting duct and human colonic epithelia respectively, in which the same negative regulation was noted. These studies indicate that this region contains a potential repressor sequence that is functional in lung, colon and collecting duct epithelia (Figures 5 and 6 ).
Gel mobility-shift assays were employed to identify transcription factors that bind at the core promoter. A doublestranded oligonucleotide that corresponded to human γENaC sequence from k26 to k3 seemed to bind four trans-acting factors specifically. By competition assays and antibody supershift analysis, one of these trans-acting factors was identified as Sp1 ; each of the other three contained Sp3 (Figure 4 ). Sp1 and Analysis of human epithelial Na + channel γ-subunit gene promoter
Figure 8 High-resolution mapping of S1-nuclease-sensitive sites
Upper panel : the primer extended sequence was analysed by PAGE and the positions of S1 sensitive sites on each strand were mapped. Lower panel : the positions of the S1-sensitive sites are represented diagrammatically in the sequence by asterisks and boxes. S1-nuclease-sensitive sites are not confined to perfect mirror repeats but also involve regions within the PPy tract, where there are imperfect repeats.
Sp3 are part of a much larger family of mammalian transcription factors, the Sp\XKLF family [31] . The Sp subgroup consists of Sp1, Sp2, Sp3 and Sp4 proteins, which contain three highly conserved C2H2-type zinc fingers in the C-terminal region and have a glutamine-rich activation domain. Sp1, Sp3 and Sp4 can bind GC boxes ; Sp1 and Sp3 are expressed ubiquitously, whereas Sp4 has a more restricted pattern of expression that includes some epithelial tissues [31] . Whereas Sp1 is a transcriptional activator, Sp3 and Sp4 can act as activators and repressors and can compete with Sp1 to block gene transcription [32, 33] . These results indicate that the expression of human γENaC in epithelial cells might be regulated by the relative abundances of Sp1, Sp3 and Sp4 transcription factors.
The finding that an anti-Sp3 antibody can change the mobility of three distinct DNA-protein complexes on a PAGE gel suggests that an antibody may recognize more than one protein, that each complex represents a different Sp3 protein homo-oligomer, or Figure 9 Two possible H-DNA structural models based on results in Figures  7 and 8 that each complex represents Sp3 in co-operative interactions with other transcription factors. It is now known that the Sp3 mRNA encodes three protein isoforms of 115, 80 and 78 kDa that arise from the use of alternative translation initiation sites [34] and the polyclonal antibody directed against the C-terminus of human Sp3 can recognize each of these forms. The simplest explanation of the gel mobility-shift results is that H441 cells contain each of the three Sp3 isoforms and that these retard the mobility of the GC oligonucleotide differently to give rise to distinct bands on PAGE.
When we analysed the 5h flanking region for repeat sequences we noted that four nearly complete copies of ancestral Alu elements were present within 3000 bp. The Alu sequence is the most abundant interspersed repeat element and is a transposon that inserted itself into the mammalian genome at a point in evolution after rodents branched off from their common ancestor. These have been classified on the basis of their molecular ages ; interestingly, the four Alu elements are from three separate classes (Jo, Jb and Sx), indicating that each of these was inserted into the 5h flanking region of the human γENaC gene separately and at distinct points in time between 80 and 3 million years ago [35] . The fact that no additional functional regulatory elements are present to k2926 bp suggests that relevant transcriptional sequences might have been displaced far upstream by these apparently random insertional events.
Alu sequences were previously thought to be functionally inert but several examples of Alu sequences that contain enhancers and silencers have been described [36] [37] [38] . When Alu repeats are in close proximity, as in the 5h flanking region of human γENaC, chromosomal rearrangements can occur because of replication slippage during mitosis or unequal recombination during meiosis [39] . These findings suggest that the 5h flanking region of human γENaC might be a mutational ' hotspot ' that should be considered when screening at-risk populations for mutations in the ENaC genes.
We also found evidence for a long PPy tract in the proximal 5h flanking region of human γENaC flanked by Alu repeats. The PPy tract consists of imperfect tetranucleotide repeats, (AAAG) n , and contains two regions of mirror symmetry. Alu repeats can be associated with tetranucleotide repeats and it has been noted that AAAG repeats preferentially associate with the oldest Alu class, AluJ [40] . We confirmed that the PPy tract can adopt an H-DNA conformation, as evidenced by its S1 nuclease sensitivity, and show two possible models for this sequence (Figure 9 ). There are several interesting and potentially important features of PPy tracts that can form triplex DNA. First, these sites can be transcriptionally active in itro, and triple-stranded and singlestranded DNA binding proteins have been characterized [41] [42] [43] . Secondly, these elements can be polymorphic [44] and the sequence heterogeneity could account for variation in transcriptional control within a given species [45] . It is therefore possible that allelic variation in this region of human γENaC, by affecting local chromatin structure or by variation in transcription-factor-binding specificities, could alter basal or inducible levels of human γENaC RNA. We have no evidence so far that this site is transcriptionally active in the cell lines tested, although we have found evidence for polymorphism in this region (results not shown). Thirdly, expanding repeats are now recognized as a cause of several inherited neurodegenerative diseases [46, 47] . At least one of these, Friedreich's ataxia, involves a triplet repeat sequence in the first intron that directly affects the transcriptional regulation of the frataxin gene [48] . The exact consequence of these repeat elements in the promoter region of human γENaC has yet to be determined.
